F'-episomes carrying the Salmonella typhimurium wild-type or attenuatordeleted histidine (his) operons were introduced into Escherichia coli strains containing relA or spoT single and double mutations known to affect guanosine 3'-diphosphate 5'-diphosphate (ppGpp) and guanosine 3'-triphosphate 5'-diphosphate (pppGpp) levels. Expression of the his operon and expression of the gene for 6-phosphogluconate dehydrogenase (gnd) were measured during balanced growth in amino acid-rich and minimal media. The data were consistent with the interpretation that ppGpp is a positive effector of his operon expression, whereas pppGpp is not an essential effector. The conclusion that his operon expression is maximally stimulated at a lower than maximum intracellular ppGpp concentration was further confirmed. Neither ppGpp nor pppGpp appeared to influence gnd gene expression. The metabolic regulation of the E. coli his operon was found to be similar to the ppGpp-mediated metabolic regulation of the S. typhimurium his operon.
maximally stimulated at a lower than maximum intracellular ppGpp concentration was further confirmed. Neither ppGpp nor pppGpp appeared to influence gnd gene expression. The metabolic regulation of the E. coli his operon was found to be similar to the ppGpp-mediated metabolic regulation of the S. typhimurium his operon.
Guanosine 5'-diphosphate 3'-diphosphate (ppGpp) has been proposed as a positive effector of Salmonella typhimurium histidine (his) operon transcription both in vitro (21) and in vivo (21, 26) . The ppGpp-mediated effect on his operon expression in vivo has been termed "metabolic regulation" (21, 26) . It has been suggested that ppGpp increases the mRNA initiation frequency from the his operon primary promoter in vivo by possibly acting as a direct effector of RNA polymerase (26) .
The conclusion that ppGpp acts as an in vivo effector has relied on a positive correlation between his operon expression and ppGpp levels for bacteria grown exponentially in amino acidrich medium versus minimal medium (26) . The sampling showing this correlation was limited. Additional experiments suggesting ppGpp as an in vivo effector have been completed under conditions of unbalanced growth in strains which retained his operon attenuated control (hisO+) (21, 26) . Therefore, although ppGpp clearly acts in vitro to stimulate his operon transcriptionEscherichia coli. The results were consistent with ppGpp as a positive effector of his operon expression during balanced growth. In contrast, guanosine 5'-triphosphate 3'-diphosphate (pppGpp) did not appear to play a necessary role in his operon metabolic regulation.
MATERIALS AND METHODS
Bacterial strains and phage. The strains used or constructed in this study are given in Table 1 . Auxotrophic markers were confirmed by growth tests. The presence or absence of the relA mutation in derivatives of strains WI, W2, W1l, and W21 was checked by a sensitivity test to the amino acid analogs ,Bchloroalanine, 2-thiazolealanine, and serine hydroxamate (J. A. Gallant, personal communication; 21). In particular, strain W2 derivatives (relA+ spoT), which tend to accumulate spontaneous relA mutations (13), checked as fully relA +.
Preparation of P1 phage lysates and P1 transductions to his' were accomplished by procedures similar to those described by Miller (17) . The P1607H phage of Wall and Harriman (24) was used throughout. F' matings were performed by the cross-streak method described by Ely (7) . The selection plates lacked methionine and histidine and contained all other necessary supplements. The F'-merogenotes were single colony isolated at least twice on selective plates lacking histidine and were stored at -80°C in small vials containing 0.1 ml of sterile nutrient broth (Difco) + 3 drops of sterile dimethylsulfoxide + 0.7 ml of a fresh overnight culture grown in minimal (E) medium + glucose + supplements (no histidine).
Media, growth conditions, and enzyme assays. Difco nutrient broth, Vogel-Bonner minimal (E) me- (21, 26) . These hisO+ strains retained attenuated control and probable coupling of his operon transcription to translation of a putative his leader peptide (1, 3, 6, 11, 27) . In one such experiment, a hisO+ relA + strain was limited for amino acids other than histidine, a condition which should elevate the ppGpp level. Expression of the his operon increased in the hisO+ relA+ strain upon amino acid limitation, even in the presence of excess histidine (26) . In another study, his operon expression did not increase nearly as much upon histidine starvation in a hisO+ relA mutant, which should not rapidly accumulate ppGpp, as in an isogenic hisO+ relA + strain (21) . However, starvation of a relA mutant leads to secondary effects such as translation misreading and premature protein termination (19) , which could have caused decreased his operon enzyme levels in the starved hisO+ relA mutant.
The spoT mutant of E. coli provided a suitable genetic background to further examine the role of ppGpp as an in vivo effector of his operon expression during balanced growth in amino acid-rich and minimal medium (Tables 2 and 3 ). The spoT gene product is a ribosome-associated enzyme responsible for ppGpp degradation (8, 9, 10, 13) . During balanced growth on minimal medium, the ppGpp pool is at least fourfold (1) .'---8 greater in the relA+ spoT mutant than in its isogenic relA+ spoT+ sibling (14, 15) . The high basal level of ppGpp present in relA + spoT strains during exponential growth reduces the growth rate (14) , reduces the rate of protein synthesis (as measured by methionine incorporation) (19) , and greatly reduces the level of pppGpp ("spotless" phenotype) by indirectly inhibiting pppGpp synthesis (strain EAI in reference 5; 8, 10).
To study his operon expression, we introduced F'-episomes carrying the S. typhimurium wildtype (hisO+) and the attenuator-deleted (his01242) his operons into relA or spoT single and double mutants of E. coli (Tables 1 and 2) . Deletion of the attenuator uncouples his operon expression from histidine-mediated, operon-specific control and thus makes his operon expression largely dependent on the mRNA initiation frequency (1, 11, 26) .
The relA + spoT mutants (strains SB4077 and SB4076, Table 2 ) grew slower than the corresponding relA + spoT+ strains (SB4075 and SB4074) in amino acid-rich medium as well as in minimal medium (14; Table 2 ). The slower growth rate implied that relative to the relA+ spoT+ strains, the relA + spoT mutants retained elevated ppGpp levels and diminished pppGpp levels in both amino acid-rich and minimal media (14) . The latter supposition was directly confirmed by measuring ppGpp and pppGpp levels in strains SB4075 (relA + spoT+) and SB4077 (relA+ spoT) grown in a low-phosphate and amino acid-rich medium which lacked histidine (M. Winkler, unpublished data; see reference 25 for methods). Strain SB4077 retained the spotless phenotype and contained 3.2-fold more ppGpp than strain SB4075. Therefore, neither the presence of the F'-episomes nor the inclusion of amino acids in the growth medium interfered with the expression of the SpoT phenotype.
Corresponding to the elevation in ppGpp level, attenuator-deleted his operon expression was significantly increased twofold in strain SB4077 (relA + spoT) as compared to strain SB4075 (relA+ spoT+) when the strains were grown in amino acid-rich medium ( Table 2) . As expected, the attenuator-deleted his operon expression was independent of histidine addition to the media ( Table 2 ). The spoT-mediated increases in attenuator-deleted his operon expression for strains grown in minimal medium will be discussed in a later section.
The correspondence between his operon expression and ppGpp level during balanced growth in amino acid-abundant medium was also found for strains SB4079 and SB4081 (Table   2 ). Because the relA mutation is generally leaky, the ppGpp levels maintained by relA+ spoT+ and relA spoT+ strains are nearly equal during steady-state growth (see references in 26). Strains SB4075 (relA+) and SB4079 (relA) grown in amino acid-rich medium showed equivalent growth rates and expression of the attenuator-deleted his operon. More critically, introduction of the relA allele into the spoT background (relA spoT) reduces the ppGpp level and increases the growth rate back to values found in the relA+ spoT+ strain (14) . The nearly identical growth rate and expression of the attenuator-deleted his operon in strains SB4075 (relA + spoT+) and SB4081 (relA spoT) again were consistent with ppGpp as an in vivo effector of his operon expression. Thus, attenuator-deleted his operon expression was not dependent per se on the allelic states of the relA and spoT genes but rather seemed to be closely correlated with the intracellular ppGpp levels known to be mediated by combinations of the relA and spoT alleles.
In contrast to the expression of the attenuatordeleted his operon, expression of the wild-type (hisO+) his operon did not respond to the presence of the spoT mutation (compare strains SB4074 and SB4076 in Table 2 ). In fact, his operon expression was lower in strain SB4076 (relA + spoT) than in strain SB4074 (relA + spoT+) when the two strains were grown in minimal medium ( 139, 1979 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from his operon, which confirmed the previously dermonstrated in vitro result (21) .
Trivial explanations for the above results seemed unlikely. The increase in his operon expression in strain SB4077 relative to strain SB4075 did not seem to reflect possible dilution effects caused by the slower growth rate of the spoT mutant. The increase in his operon expression was larger than the decrease in growth rate in amino acid-rich medium (strains SB4075 and SB4077, Table 2 ). Furthermore, there was no strict correlation between the increase in his operon expression and the decrease in growth rate. For example, strain SB4077 grew 1.3x slower in amino acid-rich medium and 1.8x slower in minimal medium than strain SB4075, and yet attenuator-deleted his operon expression in strain SB4077 relative to strain SB4075 was 2.0x greater in amino acid-rich medium and only 1.3x greater in minimal medium. Other examples of noncorrelation between his operon expression and growth rate are evident in Table  2 .
Differences between the spoT' and spoT strains in retention or copy number of the F'-episomes also could not explain the results. Growth of strains in media lacking histidine ensured the presence of the his operon-containing plasmids ( Table 2 ). The his operon expression in strains SB4075 and SB4077 was the same whether histidine was present or lacking in the medium, which suggested that plasmid loss did not readily happen in media containing histidine. Finally, equivalent retention of the F'-episomes by the various strains was confirmed by directly spreading cultures onto the plates of the same growth medium which contained or lacked histidine.
F'-episome copy number was examined by assaying gnd gene expression, because the gnd gene was also contained on the F'-episomes (23). The gnd gene expression was nearly equal in strains SB4074 (relA+ spoT+) and SB4076
(relA + spoT) grown in anmino acid-rich medium (Table 2) . Therefore, the spoT mutation did not lead to drastically altered F'-episome copy nunmbers. As anticipated, gnd gene expression in strain SB4074, which contained the F'-episome, was nearly twice the level found in the parental WI strain (Table 2; 18) .
The gnd gene expression was significantly decreased in strain SB4077 as compared to strain SB4075 when the strains were grown in either amino aci -rich or minimal medium (Table 2 ).
The decrease in relative gnd gene expression between the strains was in sharp contrast to the increase in relative his operon expression. The striking drop in gnd expression occurred in several independently constructed isolates exactly analogous to strain SB4077. The drop in gnd gene expression also appeared to be unique. In all other instances tested (Tables 2 and 3 ), E. c(li and S. tvphimuriurn gnd gene expression was largely independent of the spoT mutation and was constitutive for bacteria grown in the different media. These and previous observations (18, 26) suggest that gncd gene expression was ppGpp independent under the conditions tested, although certain growth rate-dependent changes in gnd gene expression have been described for some E. co/i strains (25) .
Maximum his operon expression at lower than maximum intracellular ppGpp levels. The increase of attenuator-deleted his operon expressioin in strain SB4077 (relA + spoT) relative to strain SB4075 (re/A+ sspoT+) was not as large when the strains were grown in minimal imiedium (1.4x) as when the strains were grown in amino acid-rich nmedium (2.0x) ( Table 2) . However, because his operon expression should be nearly saturated at the ppGpp level found in re/A+ spoT+ bacteria growing in minimal medium (21, 26) , a higher spoT-mediated ppGpp level would not be expected to further increase hi's operon expression by very much. The lower ratio of his operon expression in strain SB4077 relative to strain SB4075 when the strains were grown in minimal medium was consistent with the latter conclusion and suggested that his operon exprlession satturated at a ppGpp level slightly higher than the minimal medium level (histidinol-phosphate phosphatase specific activity = 38 versus 28, Table 2 ). Saturation of his operon expression was further indicated by comparing the ratio of his operon expression for strain SB4075 grown in minimal medium versus anmino aci(-rich medium (2.5x) with the ratio of his operon expression for strain SB4077 relative to strain SB4075 when the strains were grown in minimal medium (1.4x). The increase in ppGpp level was probably less between media (16, 26) than between the spoT+ and spoT strains (14, 15) , and yet the medium-induced increase in his operon expression was greater than the spoTmediated increase. Again, maximum hi.s operon stimulation seemed to happen at lower than maximum intracellular ppGpp concentrations.
Independence (5, 8, 10) . Just how spotless spoT mutants really are may depend on the pppGpp extraction procedure (15) . Nevertheless, the full his operon expression in strain SB4077 (relA + spoT) grown in minimal medium ( Table 2 ) strongly suggested that pppGpp did not act as a necessary positive effector of his operon expression. Therefore, ppGpp, which was termed the "engine of stringency (8) ," seemed to additionally serve as the engine of his operon metabolic regulation.
Metabolic regulation of the E. coli his operon. To confirm the above results, which were based on strains carrying F'-episomes, we studied metabolic regulation of the intrinsic E. coli his operon (Table 3 ). Metabolic regulation of the E. coli hisO+ operon (strains KI and SB4038, Table 3 ) was phenomenologically identical to metabolic regulation of the S. typhimurium his operon (26) for strains grown in nutrient broth, amino acid-rich, and minimal media. Basal his operon enzyme levels and the magnitude of media-induced his operon metabolic regulation was strain specific in E. coli (compare strains Ki and SB4038, Table 3 ). The spoT mutation affected intrinsic E. coli hisO+ operon expression (strains SB4038 and SB4039, Table  3 ) and S. typhimurium F' hisO+ operon expression (strains SB4074 and SB4076, Table 2 ) in a very similar manner. Finally, his operon expression was studied in the hisO75(C) mutant of E. coli. The hisO75(C) mutation lies in the his operon promoter-leader region and results in high his operon expression (4) . Expression of the his operon in the his075(C) mutant was slightly dependent on histidine addition to the medium (strains SB4082 and SB4083, Table 3 ). Therefore, the his075(C) mutation was not fully constitutive. The spoT mutation affected expression of the his operon in the E. coli hisO75(C) mutant (strains SB4082 and SB4083, Table 3 ) and expression of the S. typhimurium F' his01242 operon (strains SB4075 and SB4077, Table 2 ) in the same way. This observation suggested that the hisO75(C) mutation, like the his01242 mutation, resulted in defective attenuation. In summary, overall metabolic regulation of the E. coli and S. typhimurium his operons was comparable and probably occurs by the same ppGpp-mediated mechanism.
